Spatial Regulation of Wingless Morphogen Distribution and Signaling by Dally-like Protein  by Kirkpatrick, Catherine A. et al.
Developmental Cell, Vol. 7, 513–523, October, 2004, Copyright 2004 by Cell Press
Spatial Regulation of Wingless Morphogen
Distribution and Signaling by Dally-like Protein
Baeg and Perrimon, 2000; Selleck, 2001). Genetic dis-
ruption of heparan sulfate biosynthesis produces de-
fects both in cellular responses to morphogens and in
Catherine A. Kirkpatrick,1 Brian D. Dimitroff,1
Jaime M. Rawson, and Scott B. Selleck*
The Developmental Biology Center
Department of Pediatrics the maintenance of normal levels of these growth factors
in the matrix (Bellaiche et al., 1998; Bornemann et al.,Department of Genetics, Cell Biology,
and Development 2004; Han et al., 2004a; Koziel et al., 2004; Takei et al.,
2003; The et al., 1999; Toyoda et al., 2000).6-160 Jackson Hall
321 Church Street SE Mutations affecting heparan sulfate biosynthesis dis-
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Minneapolis, Minnesota 55455 fore can produce phenotypes that are a compendium
of defects in many matrix and cell surface molecules. In
contrast, analysis of animals with mutations in individual
proteoglycan-encoding genes reveals whether distinct
Summary
proteoglycans have specific roles in controlling the ac-
tivity and distribution of known morphogens. Two Dro-
Wingless (Wg) is a morphogen required for the pat-
sophila glypicans encoded by division abnormally de-
terning of many Drosophila tissues. Several lines of
layed (dally) (Nakato et al., 1995) and dally-like protein
evidence implicate heparan sulfate-modified proteo-
(dlp) have been implicated in signaling mediated by Wg
glycans (HSPGs) such as Dally-like protein (Dlp) in the
(Baeg et al., 2001; Lin and Perrimon, 1999; Tsuda et al.,
control of Wg distribution and signaling. We show that
1999), Dpp (Fujise et al., 2003; Jackson et al., 1997), and
dlp is required to limit Wg levels in the matrix, contrary
Hh (Desbordes and Sanson, 2003; Han et al., 2004b;
to the expectation from overexpression studies. dlp
Lum et al., 2003). A recent analysis demonstrated that
mutants show ectopic activation of Wg signaling at
Dally alters both Dpp signaling and Dpp distribution in
the presumptive wing margin and a local increase in
the developing wing disc (Fujise et al., 2003).
extracellular Wg levels. dlp somatic cell clones disrupt
Several studies implicate Dlp in controlling levels of
the gradient of extracellular Wg, producing ectopic
Wg in the matrix of the developing wing and in cellular
activation of high threshold Wg targets but reducing
responses to Hh in the embryo (Baeg et al., 2001; Des-
the expression of lower threshold Wg targets where
bordes and Sanson, 2003; Giraldez et al., 2002; Han et
Wg is limiting. Notum encodes a secreted protein that
al., 2004b; Khare and Baumgartner, 2000). RNAi of dlp
also limits Wg distribution, and genetic interaction
or loss of both maternal and zygotic dlp function disrupts
studies show that dlp and Notum cooperate to restrict
Hh signaling in the embryo. In imaginal tissues, ectopic
Wg signaling. These findings suggest that modifica-
expression studies showed Dlp could increase Wg levels
tion of an HSPG by a secreted hydrolase can control
in the matrix while paradoxically inhibiting Wg-mediated
morphogen levels in the matrix.
patterning (Baeg et al., 2001; Giraldez et al., 2002).
We have isolated dlp mutants and analyzed dlp func-
tion in imaginal development. Loss of dlp produces ec-Introduction
topic activation of Wg signaling in the wing disc near
the source of Wg and a local increase in extracellularOne of the central problems in developmental biology
is how uniform fields of cells are transformed into tissues Wg. Genetic mosaic analysis revealed a dual function
for Dlp: reducing Wg-directed patterning near the pre-with highly specialized cell types at distinct anatomical
positions. In this process, diffusible factors produced sumptive wing margin yet enhancing cellular responses
of low threshold Wg targets where Wg is limiting. Theby certain cells pattern the surrounding tissue in a concen-
tration-dependent manner. These form-directing mole- activities of Dlp may be regulated by the secreted pro-
tein Notum, an enzyme with homology to plant hydrol-cules, or morphogens, include members of the Wnt,
bone morphogenetic protein (BMP), and Hedgehog (Hh) ases that also seems to restrict Wg signaling (Gerlitz
and Basler, 2002; Giraldez et al., 2002). We show that dlpfamilies. In the Drosophila wing, secreted proteins from
each of these families—Wingless (Wg), Decapentaplegic cooperates with Notum to limit Wg signaling, suggesting
that enzymatic modification of an HSPG can affect mor-(Dpp), and Hh—have been shown to possess morpho-
gen activity (reviewed in Cadigan, 2002). phogen distribution and ultimately patterning activity.
Given that different levels of a morphogen provide
distinct instructions, how morphogen gradients are es- Results
tablished and signaling levels regulated is vitally impor-
tant in tissue patterning. Recent studies have implicated Molecular Characterization of dlp Mutants
heparan sulfate proteoglycans (HSPGs), glycosamino- We isolated mutations in dlp, one of two glypican-encod-
glycan-modified proteins found in the matrix and on cell ing genes in Drosophila, by excision of a P element
surfaces, in controlling these processes (reviewed in (P[ry; PZ]Q5) inserted 5 to dlp and an adjacent, diver-
gently transcribed gene, RecQ5 (Figure 1A). Two small
deletions were obtained, one affecting both dlp and*Correspondence: selle011@umn.edu
1These authors contributed equally to this work. RecQ5 coding sequences [Df(3L)ex15], and the second,
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Figure 1. Molecular Characterization of dlp
Mutations
(A) P[ry; PZ]Q5 is inserted 50 bp upstream
of 5 end of the dlp EST clone LD47466. Two
independent ry excisions were found to
carry deletions, represented by the blue lines
under the map. dlp1 is a 504 bp deletion that
begins at the P[PZ]Q5 insertion sequence and
extends 2 bp beyond the putative initiating
ATG for the dlp open reading frame. 8 bp of
P element inverted repeat sequence remain
in the dlp1 deletion. Df(3L)ex15 is a 2957 bp
deletion replaced with an insertion of the se-
quence AACATCAAACATA. The deletion re-
moves the first exon and 265 bp of the first
intron of dlp, as well as the first exon, first
intron, and 697 bp of the second exon of the
adjacent gene RecQ5.
(B) Protein localization of Dlp (red) in a dlp1/
wing imaginal disc (left) and a heterozygous disc bearing dlp1 mutant clones marked by the absence of GFP (green, right). In wild-type discs,
Dlp protein is notably absent from the dorsal-ventral boundary region of the wing pouch (marked by arrows). Dlp protein levels are greatly
reduced in dlp1 mutant clones (middle). In this figure, anterior is to the left and ventral is down.
dlp1, affecting only dlp (Figure 1A and Supplemental escapers show both a reduced eye and wing margin
patterning defects (Figures 2B and 2C). dlp mutant eyesFigure S1 at http://www.developmentalcell.com/cgi/
content/full/7/4/513/DC1/). A third mutation, dlp2, was are abnormally patterned (Figure 2B), with an approxi-
mately 50% reduction in the number of ommatidia. Theidentified in an EMS screen for mutations lethal over
Df(3L)ex15. dlp2 mutations fail to complement dlp1 as retinal phenotype was rescued by a UAS-dlp trans-
gene, confirming that it results from loss of dlp activitywell as a deficiency uncovering this region, Df(3L)fz.
dlp1 and dlp2 mutants are semilethal, with less than 5% (see Experimental Procedures).
dlp mutant wings show patterning defects at the ante-of homozygous animals surviving to adulthood. These
alleles show equivalent levels of lethality over Df(3L)fz, rior margin, with ectopic mechanosensory bristles (msb)
on both dorsal and ventral surfaces (Figure 2C). Thisindicating that they are genetic null alleles. In addition,
females bearing homozygous dlp1 germline clones phenotype is 100% penetrant in dlp1/Df(3L)fz and dlp1/
dlp2 animals but displays variable expressivity, with themated with dlp2 males produce embryos with a segment
polarity phenotype (Figure 2A) as severe as wg or hh number of ectopic bristles ranging from 7 to 34 (dlp/,
mean number of msb  82, range 78–84; dlp1/Df(3L)fz,nulls and that recently described for an independently
generated dlp null allele that disrupts the coding se- mean number of msb  105, range 89–116). The wing
phenotype was rescued by expression of UAS-dlp inquence at amino acid 205 (Han et al., 2004b).
Wing discs bearing dlp1 mutant clones and stained the wing under the control of apterous-GAL4 (Figure
2D, lower panel), again confirming that these patterningwith a monoclonal anti-Dlp antibody (Desbordes and
Sanson, 2003; Han et al., 2004b; Lum et al., 2003) show defects result from loss of dlp activity. The effects of
UAS-dlp are extremely sensitive to the dosage of dlp:no detectable immunoreactivity (Figure 1B), supporting
the conclusion that dlp1 is a null allele. Staining of dlp UAS-dlp rescues the excess bristles produced in dlp
mutant animals but causes progressive bristle loss inmutant wing imaginal discs confirmed that dlp1 and dlp1/
Df(3L)fz animals have greatly reduced Dlp protein levels dlp1/ heterozygotes (Figure 2D, upper panel).
We investigated this wing phenotype in detail as a(data not shown). Together, these genetic and immuno-
histochemical findings strongly suggest that the dlp al- means of understanding the cellular and molecular ac-
tivities of Dlp. Wg-expressing cells at the DV boundaryleles used in this study are functional nulls. The expres-
sion pattern of Dlp is notable for the selectively low of the wing imaginal disc ultimately give rise to the mar-
gin of the adult wing. From this source, Wg adopts alevels found along the dorsal-ventral (DV) boundary of
the wing, where Wg is expressed (arrows in Figure 1B). graded distribution, activating different target genes
such as achaete (ac), distalless (dll), and vestigial (vg)This pattern is remarkably similar to that of D-frizzled2
(D-fz2), a gene encoding a Wg receptor (Cadigan et at distinct thresholds along the DV axis of the developing
wing (Couso et al., 1994; Neumann and Cohen, 1997;al., 1998).
Zecca et al., 1996). High levels of Wg signaling are re-
quired for activation of ac, a proneural gene that directsdlp Mutants Show a Number
formation of the large mechanosensory bristles at theof Patterning Abnormalities
wing margin. Abnormally elevated Wg signaling at theWhen maternal and zygotic dlp is eliminated (for exam-
DV boundary produces ectopic msb (Cadigan et al.,ple, in dlp1/dlp2 progeny from females with homozygous
1998; Gerlitz and Basler, 2002; Giraldez et al., 2002). Thedlp1 germlines; Figure 2A), the mutant embryos display
ectopic bristles in dlp mutants are positioned farthera severe segment polarity cuticle phenotype, indicative
away from the wing margin than their normal counter-of a failure in Wg- or Hh-mediated patterning. This phe-
parts, consistent with an expanded region of high-levelnotype is fully rescued by a paternal dlp allele.
Zygotic dlp mutants are generally inviable; rare mutant Wg signaling. Anti-Ac antibody staining of dlp1/Df(3L)fz
dally-like Limits Wg Distribution and Signaling
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of cell division was altered. The ZNC can be visualized
by labeling cells in S phase with the thymidine analog
bromo-uridine deoxyribose (BrdU). BrdU labeling of dlp
mutants revealed an expanded ZNC, consistent with
elevated levels of Wg signaling (compare Figure 3B to
3C and 3D).
The effects of Wg on cell cycle control at the presump-
tive wing margin are complex (Johnston and Edgar,
1998). In the anterior segment of the wing margin, the
ZNC is comprised of three distinct domains, each 3–4
cells wide. In the center of the anterior ZNC are G1-
arrested cells; these are the Wg-expressing cells (de-
noted with blue segment of vertical bar, Figure 3B). On
the dorsal and ventral sides of the central G1-arrested
cells are two G2 arrest domains (denoted with yellow
segment of vertical bar, Figure 3B). These cells express
high levels of Cyclin A (Figure 3E) and the proneural
genes ac and sc (Johnston and Edgar, 1998). Nuclear
staining with propidium iodide (PI) shows that the G2-
arrested cells can be identified by confocal analysis
since the nuclei of these cells reside at a more basolat-
eral plane than their G1-arrested neighbors (see Figure
3B, smaller panels show more basolaterally positioned
optical planes of the same disc). Apical confocal sec-
tions therefore reveal the G2-arrested cells as two gaps
in PI staining on either side of the G1-arrested cells
(Figure 3B). In the posterior wing margin, Wg produces
G1 arrest of all cells within the ZNC. These cells do not
express Cyclin A, and their nuclei are found at apical
positions (Figures 3B and 3E, bracket in 3E marks G1-
arrested cells devoid of Cyclin A).
In dlp mutants, expansion of the ZNC revealed by
BrdU incorporation was also evident as a broadened
“gap” in the PI staining in the anterior half of the wing
disc (Figures 3C, 3D, and 3F compared to Figures 3BFigure 2. dlp Affects Patterning of the Adult Wing and Eye
and 3E). A broader domain of cells expressing very high(A) Cuticle preparations of control and dlp maternal/zygotic mutant
levels of Cyclin A is seen in dlp mutant discs (compareembryos. dlp1/dlp2 embryos from dlp1 germline clone females show
Figures 3E and 3F), suggesting that part of the extendeda severe segment polarity defect with denticles covering the ven-
tral surface. ZNC found in dlp mutants reflects increased G2 arrest,
(B) Scanning electron micrographs of control and dlp mutant eyes. a Wg-dependent event. The breadth of the ZNC shows
Note the reduction in the number of ommatidia and disordering of variable expressivity in dlp mutant discs; more severe
ommatidial structure.
(Figure 3C) and moderate (Figures 3D and 3F) pheno-(C) Dorsal view of dlp heterozygous control and dlp mutant adult
types are shown. The increased width of the ZNC iswings. The arrows indicate ectopic mechanosensory bristles.
noteworthy because the average width of the wing(D) Dorsal view of dlp heterozygous and dlp mutant adult wings
expressing UAS-dlp driven by apterous-Gal4. pouch is reduced in dlp mutant discs (average: 126 m,
n  21, compared to 150 m in controls, n  15). When
normalized to the width of the wing pouch (ZNC width/
third instar larval wing discs revealed additional sense pouch width), the relative size of the ZNC increases from
organ precursors expressing Ac (Figure 3A), indicating .199 in controls (n  15) to .259 in dlp mutants (n  21)
that reductions in dlp function produce enhanced Wg (p  0.001, Student’s t test).
signaling at the presumptive wing margin.
Levels of Extracellular Wg Are Increased
in dlp Mutantsdlp Mutants Show Cell Division Patterning Defects
Characteristic of Elevated Wg Signaling To determine whether the ectopic activation of Wg sig-
naling observed in dlp mutants reflects an excess ofIn addition to controlling the specification of sensory
bristles at the wing margin, Wg signaling governs cell Wg protein available for signaling, we used a staining
protocol developed to visualize extracellular Wg (Striginidivision patterning in the wing imaginal disc (Johnston
and Edgar, 1998; Phillips and Whittle, 1993). High levels and Cohen, 2000). dlp mutant discs showed elevated
levels of extracellular Wg in the region surrounding theof Wg at the DV boundary produce cell cycle arrest in
both G1 and G2, creating a zone of nonproliferating Wg-producing cells compared to controls (Figure 4A).
The change in the extracellular Wg gradient producedcells (ZNC) (Figure 3B; Johnston and Edgar, 1998). We
therefore assessed the patterning of cell division in dlp by loss of dlp function is best appreciated by examining
the averaged intensity of fluorescence across the wingmutant wing discs to determine if Wg-dependent control
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Figure 3. dlp Mutants Show Ectopic Wg Sig-
naling along the DV Boundary
(A) Ac, a target of Wg signaling in the third
instar wing disc, shows expanded expression
in dlp mutants compared to dlp heterozy-
gotes. In this and all subsequent figures, an-
terior is to the left and ventral is down. The
yellow brackets mark the cellular domains of
Ac expression. Scale bar equals 50 m.
(B) BrdU incorporation (green) in a dlp hetero-
zygous control disc reveals the zone of non-
proliferating (ZNC) cells along the DV bound-
ary of the third instar wing disc, a cellular
domain controlled by Wg activity. Propidium
iodide staining of nuclei is shown in red. The
ZNC is denoted with a white bar in the middle
panel. The anterior G2 and G1 arrest domains
are marked with yellow and blue vertical bars,
respectively, in the left panel. Note the nuclei
of G2-arrested cells are found at a more baso-
lateral optical plane, shown in the smaller set
of panels. Scale bar (which applies to all sub-
sequent panels) equals 50 m.
(C and D) Two different dlp mutant wing discs
showing expansion of the ZNC revealed both
by BrdU incorporation (green) and by the po-
sition of nuclei (red). Smaller panels in (C)
show a more basolateral confocal section of
the same disc. dlp mutants show some vari-
able expressivity; the phenotypic range is
represented by the two dlp mutant discs
shown here.
(E and F) Heterozygous and dlp mutant wing
discs stained with propidium iodide (red) and
anti-Cyclin A antibody (green) to show the
extent of G2-arrested cells within the ZNC.
Note the expansion of cells expressing Cyclin
A in the anterior half of the dlp mutant disc.
The bracket in (E) marks the posterior G1-
arrested cells lacking Cyclin A expression.
pouch of control and dlp mutant discs (Figure 4B). Wg result from altered Wg production, stability, or mecha-
nisms controlling extracellular distribution. We exam-levels are elevated in the central half of dlp mutant wing
discs compared to controls (note the intensity plots in- ined Wg production in cells along the DV boundary of
the wing by staining with anti-Wg antibody followingtersect approximately midway between the DV bound-
ary and the edges of the pouch). At the periphery of the traditional fixation and permeabilization of the tissue
(Strigini and Cohen, 2000). This protocol reveals primar-wing pouch, extracellular Wg levels in dlp mutants are
no different from controls. ily intracellular Wg in synthesizing cells and has been
used to detect changes in Wg production (Cadigan etIncreased levels of Wg in the extracellular matrix could
dally-like Limits Wg Distribution and Signaling
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Clonal Analysis of dlp Reveals Effects on Wg
Distribution and Signaling
To understand the cellular basis for dlp effects on Wg-
directed patterning, we conducted a somatic mosaic
analysis, creating patches of dlp mutant cells in the
developing wing disc. The juxtaposition of mutant and
wild-type cells permits direct comparison of protein lev-
els within a disc but also creates nonphysiological dis-
continuities in expression that can influence subsequent
development. We found that large mutant clones of dlp1
create accumulations of Wg at clone boundaries (Figure
5A). This can be appreciated as increases in the anti-
Wg signal just outside dlp mutant clones, represented
in the intensity plot taken across the dorsal pair of dlp
clones. While Wg appears to accumulate at the borders
of dlp clones, extracellular Wg levels are not altered
within the clone compared to wild-type cells at equiva-
lent positions along the dorsal-ventral axis of the devel-
oping wing. These findings show that discontinuities in
dlp expression disrupt the smooth gradient of extracel-
lular Wg in the wing disc.
To determine if Wg signaling responses are altered
by dlp mutant clones in the wing disc, we examined a
number of Wg-dependent events. Armadillo (Arm) levels
are increased in cells responding to Wg, and Ac and
Cyclin A expression are both dependent on high levels
of Wg signaling. dlp mutant clones affect the levels of
intracellular Arm, with higher levels of Arm found in cells
along clone boundaries, consistent with the effects of
dlp clones on extracellular Wg (Figures 5B and 5C).Figure 4. Wg and D-fz2 Localization in dlp Mutant Wing Discs
Likewise, expansion of Ac expression occurred near
(A) Heterozygous and dlp mutant wing discs stained for extracellular
boundaries of dlp clones, where modestly increasedWg. dlp mutant wing discs show elevated levels of extracellular Wg
numbers of Ac-expressing cells are found both justcompared with heterozygous controls. Pseudocolor representa-
within and outside the dlp clone (Figure 5D). The non-tions of the confocal images are shown to permit easy visualization
of differences in Wg immunodetection (lookup table is inset). Scale cell-autonomous effect of dlp mutant cells was dramati-
bar equals 50 m. cally seen when examining Cyclin A expression. Large
(B) dlp mutant wing discs show elevated levels of extracellular Wg. anterior dlp clones disrupt the normal expression of
The plots show the average intensity of extracellular Wg staining
Cyclin A, and cells expressing high levels of Cyclin Aalong the dorsal-ventral axis of the wing pouch from six dlp1/ and
are found well outside the dlp mutant clone, but nearsix dlp1/dlp2 discs.
the DV boundary where Wg signaling is high (Figure 5E).(C) dlp mutant wing discs show the same pattern of Wg intracellular
expression as heterozygous controls. Scale bar equals 20 m. dlp clones located in the posterior portion of the wing
(D) Immunostaining of D-fz2 revealed no appreciable changes in disc do not affect the patterning of Cyclin A (Figure 5F).
dlp mutants compared to wild-type discs. Scale bar equals 50 m. The analysis of dlp clones in the wing disc showed
that within some clones, Arm levels were slightly lower
than in wild-type cells located at comparable regions of
the disc (Figures 5B and 5C). This suggested that in
al., 1998; Giraldez et al., 2002). dlp mutants show a addition to the non-cell-autonomous effects of dlp mu-
normal pattern of Wg expression in a stripe of 3–4 cells tant clones on activation of high-threshold Wg target
along the DV axis (Figure 4C). genes, dlp might function cell autonomously to enhance
Ectopic expression of D-fz2, a Wg receptor, can in- Wg responses away from the DV border, where Wg
crease Wg levels and the number of cells expressing levels are lower. To examine this effect of Dlp on Wg
Wg mRNA, suggesting the possibility that dlp could af- signaling in greater detail, we assessed expression of
fect Wg via control of D-fz2 (Cadigan et al., 1998). The Vg, a low-threshold target responsive to both Wg (Couso
normal pattern of Wg expression observed in dlp mu- et al., 1994; Neumann and Cohen, 1997; Zecca et al.,
tants argues against this hypothesis, but to further ad- 1996) and Dpp (Kim et al., 1996; Kirkpatrick et al., 2001).
dress this possibility, we examined the levels of D-fz2 dlp clones reduced Vg expression when they included
in dlp mutants. dlp mutant discs show no evidence of cells away from the DV boundary of the wing disc, where
ectopic activation of D-fz2 expression along the DV Wg levels are low (Figure 6A). dlp clones did not alter
boundary, where ectopic activation of Wg signaling is Vg activation along the DV border, however, where Wg
observed in dlp mutants (Figure 4D). In summary, the levels are highest, perhaps because Vg expression is
expansion of Wg morphogen activity in dlp mutants is not sensitive to changes in Wg levels above a certain
associated with increases in extracellular Wg. The stabi- threshold. dlp clones did not reduce expression of the
lization of Wg observed in dlp mutant wing discs cannot Dpp target Spa¨lt, indicating that dlp is likely affecting Vg
via Wg and not Dpp responsiveness (Figure 6B). Thesebe accounted for by changes in D-fz2 expression.
Developmental Cell
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Figure 5. Genetic Mosaic Analysis of dlp
Function in Third Instar Wing Discs
(A) Wing discs bearing dlp1 mutant clones
were generated. GFP (green) marks the geno-
types of cells: dlp/dlp show no GFP signal,
dlp/ cells have moderate levels, and /
cells have bright GFP fluorescence. dlp so-
matic clones (outlined in middle panel with
white dashed lines) affect the distribution of
extracellular Wg (red). The right panel shows
a plot of GFP and Wg signal intensities across
the two dorsal clones (in the region boxed in
white in left panel). Note the disruptions in
Wg distribution coincident with the clone of
dlp mutant cells, with higher levels of extra-
cellular Wg at the clone boundaries (arrows
in right panel). All scale bars equal 50 m.
(B and C) Effects of dlp clones on Wg signal-
ing, measured by levels of Arm (red and pseu-
docolor panels; lookup table is inset in [B]).
dlp somatic clones are outlined in far right
panels with black dashed lines. Note that Arm
levels are elevated at dlp clone boundaries
and modestly reduced within clones. (B) shows
dlp clones where mutant cells are bounded
by / cells, whereas (C) shows a clone
bounded by heterozygous cells. The dlp
gene dosage at the clone boundary appears
to affect the magnitude of the effect of the
dlp clone. Micrographs in (B) and (C) also
represent different focal planes, with (C) more
basolaterally positioned. The inset in (C)
shows the position of the / cells (arrow)
not visible in the enlarged image.
(D) dlp clones (marked with white dashed
lines in middle panels for [D], [E], and [F])
affect the pattern of Ac expression. Anti-Ac
antibody staining (red panel) reveals a mod-
est expansion in the number of cells express-
ing this marker of sensory organ precursor
cells at the dlp clone boundary (arrow).
(E and F) dlp clones disrupt the patterning of
Cyclin A expression non-cell-autonomously
when the clone is located in the anterior seg-
ment of the wing pouch. (E) shows a clone
where the two stripes of Cyclin A expression
are lost and ectopic patches of Cyclin A are
found at the clone boundary (arrows). Clones
located in the posterior segment of the wing
disc do not affect Cyclin A expression (F).
findings suggest a dual role for dlp in controlling Wg activ- therefore investigated the genetic interaction between
dlp and Notum mutants to establish their functional rela-ity: a non-cell-autonomous effect on the distribution of Wg
in cells in the vicinity of the DV boundary and a cell- tionship in vivo. Heterozygosity for both dlp and Notum
alleles produced ectopic mechanosensory bristles in-autonomous requirement for Dlp to enhance cellular
response to Wg in regions where Wg levels are lower. dicative of enhanced Wg signaling, as observed in dlp
and Notum mutants independently (Figure 7A). dlp2/
Notum3 wings showed a mean number of 101  9 msb,Functional Interaction between dlp and Notum,
Two Genes that Serve to Restrict Wg compared to 84 5 and 85 4 for dlp2/ and Notum3/,
respectively. This nonallelic failure of complementationDistribution and Signaling
The regional effects of Dlp on Wg activity and distribu- provides dramatic evidence that Dlp and Notum cooper-
ate to restrict Wg signaling along the presumptive wingtion suggest that another gene or genes regulate Dlp in
the developing wing. Notum encodes a secreted hy- margin and provides in vivo support for the relevance
of the biochemical activity of Notum described in thedrolase that alters the ability of Dlp to stabilize Wg in
the matrix (Gerlitz and Basler, 2002; Giraldez et al., 2002). accompanying study (Kreuger et al., 2004 [this issue of
Developmental Cell]).Notum mutants show increased Wg signaling similar to
dlp mutants and Notum is expressed at the DV bound- The strong genetic enhancement between dlp and
Notum mutants suggests the possibility that Dlp is aary, where Dlp serves to restrict Wg distribution. We
dally-like Limits Wg Distribution and Signaling
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Figure 6. dlp Clones Reduce Expression of
Vg in Regions of the Disc Where Wg Levels
Are Low
(A) dlp clones (visualized by absence of GFP
signal and marked with white dashed lines in
the lower middle panel) located away from
the DV boundary show reduced levels of Vg
(red), a target of Wg morphogen activity. The
signal intensities for GFP and Vg (in the region
boxed in white in upper left panel) are plotted
in the upper right panel. Scale bar equals
20 m.
(B) dlp clones do not affect expression of
Spa¨lt (red), a Dpp target. The inset in the left
panel shows the location of the dlp clone and
the region (boxed in white) used to generate
the plot in the right panel.
principal substrate for Notum activity. To examine The expansion of Wg signaling found in dlp mutants
was accompanied by locally elevated levels of extracel-whether Dlp is required for Notum activity in the wing,
we determined if reducing dlp function could ameliorate lular Wg. The increase in Wg in the matrix of dlp mutant
wing discs was not associated with increases in Wgthe effects of ectopic Notum expression. Expression of
Notum in the wing disc using the apterous-Gal4 driver production or altered expression of D-fz2, a known regu-
lator of Wg levels (Cadigan et al., 1998). These findingsproduced complete wing loss in all adult animals (Figure
7B). This disruption of wing development was partially argue against the model that dlp controls Wg levels
indirectly via control of Wg expression or other regula-rescued when Notum is ectopically expressed in ani-
mals heterozygous for dlp1. Approximately 40% of dlp1 tory genes. It is well established that Wg binds heparan
sulfate (Reichsman et al., 1996; Willert et al., 2003), andheterozygotes produced a winglet on one side of their
body, usually with no wing on the opposite side (23 therefore it is likely that Dlp controls Wg levels through
a direct interaction.animals had one winglet and 1 animal had two, of 58
animals scored). These winglets showed a range of phe- The expansion of Wg-directed patterning in the wing
disc of dlp mutants was a surprising finding on a numbernotypes, but many displayed substantially normal pat-
terning (Figure 7C). This dominant suppression of ec- of counts. First, mutations in genes encoding heparan
sulfate biosynthetic enzymes compromise rather thantopic Notum effects by heterozygosity for dlp strongly
suggests that Dlp is a key substrate for Notum. Since increase the levels of Wg in the matrix (Baeg et al., 2001;
Bornemann et al., 2004; Han et al., 2004a; Takei et al.,Notum is expressed near the DV border, these findings
suggest the possibility that regional control of Dlp activ- 2003). Second, ectopic expression of Dlp results in
higher levels of Wg in the matrix (Baeg et al., 2001;ity is mediated by Notum.
Giraldez et al., 2002). These findings suggest that loss
of Dlp would destabilize Wg on cell surfaces and inDiscussion
the matrix, thereby reducing Wg signaling. However, we
obtained exactly the opposite result in dlp mutants: lossdlp Mutations Produce Ectopic Activation
of Dlp increases extracellular Wg and signaling. Ourof High-Threshold Wg Target Genes
findings emphasize that while mutations compromisingBy a number of cellular and molecular markers, compro-
synthesis of all HSPGs might destabilize Wg in the ma-mising dlp function produced ectopic activation of high-
trix, loss of any one proteoglycan can have very differ-threshold Wg target genes in the wing imaginal disc.
ent effects.dlp adult escapers have ectopic mechanosensory bris-
The phenotypes of dlp mutants suggest that Dlptles and dlp third instar larvae show expanded expres-
serves to limit Wg distribution and/or alter Wg stability,sion of Ac, a marker for sensory organ precursor cells.
thus affecting the Wg gradient in the wing disc. GeneticWg signaling was abnormally elevated along the DV
mosaic analysis of dlp clearly demonstrates that theboundary of dlp mutant discs by a number of other
ectopic activation of Wg signaling, as measured by Arm,measures, including expansion of the ZNC and ectopic
Cyclin A, and Ac expression, occurs non-cell autono-expression of Cyclin A. These findings are consistent
mously, providing support for this model. Recent mathe-with the expansion of sensory organ precursor cells
matical modeling of morphogen gradients demonstratesproduced by RNAi inhibition of dlp function described
that binding of morphogens to receptors or coreceptorsin an accompanying study (Kreuger et al., 2004). These
on cell surfaces or in the matrix can have profoundphenotypes show that Dlp serves to limit activation of
high-threshold target genes near the DV boundary. effects on diffusion and subsequently limit morphogen
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dlp Is Required for Optimal Activation of Signaling
in Regions of Low Wg
In contrast to the higher levels of extracellular Wg found
near the DV boundary in dlp mutant wing discs, there
is no apparent change in the low level of Wg at the
edges of the gradient. However, genetic mosaic analysis
of dlp in wing development showed that loss of dlp can
modestly reduce the activation of a low-threshold Wg
target gene in those regions where Wg levels are low.
Since this effect on Wg signaling is not a consequence
of reduced levels of Wg in the matrix, it must result from
an alteration of cell responsiveness or the bioactivity of
the Wg that is present. Our findings are consistent with
studies reported in the companion paper showing that
RNAi of dlp in the wing disc also inhibits transcriptional
activation of Wg target genes in regions where Wg is
low (Kreuger et al., 2004). It is interesting to note that
dlp expression, like that of the Wg receptor D-fz2, is
highest outside the presumptive wing margin. Perhaps
the high level of dlp expression in this region serves, in
part, to enhance cellular responses to Wg. The ability
of Dlp to enhance Wg signaling as well as limit Wg
distribution is not unprecedented: the other glypican in
Drosophila, Dally, enhances Dpp signaling in regions of
the wing disc where Dpp levels are modest in addition
to regulating the distribution of Dpp protein (Fujise et
al., 2003).
Relationship between Dlp and Notum Function
in Regulating Wg-Mediated Patterning
Mutations in Notum produce ectopic activation of Wg
signaling and alter the Wg gradient, similar to what we
observed in dlp mutants (Gerlitz and Basler, 2002; Giral-
dez et al., 2002). Notum encodes a protein with homol-
ogy to plant hydrolases and has been proposed to alter
the structure of Dlp, thus affecting its affinity for Wg.
Coexpression of Notum with Dlp decreases Dlp-medi-Figure 7. Genetic Interactions between dlp and Notum
ated stabilization of Wg protein in the wing pouch (Giral-(A) Dorsal view of dlp2 and Notum3 heterozygous control and
dez et al., 2002). We show that dlp and Notum mutantsdlp2/Notum3 transheterozygous adult wings. Note the increased
fail to complement, strong genetic evidence that Dlp andbristle density in dlp2 / Notum3 transheterozygous wings and the
ectopic mechanosensory bristles (indicated by arrows). Notum cooperate to control Wg-mediated patterning.
(B) Dorsal and lateral views of thoracic cuticle from animals overex- Biochemical studies presented in the accompanying
pressing UAS-Notum under control of apterous-Gal4. Note the work show that Notum can cleave Dlp from the cell
complete loss of wing structures (arrows).
surface (Kreuger et al., 2004). Our finding that heterozy-(C) Heterozygosity for dlp1 significantly suppresses the loss of the
gosity for dlp ameliorates patterning abnormalities pro-wing caused by UAS-Notum expression. Winglets displayed a
duced by ectopic Notum suggests that Dlp is a principalrange of phenotypes, with a substantial degree of normal patterning.
Examples of moderate and more complete suppression are shown. substrate for Notum activity. Our results suggest that
Notum-mediated release of Dlp from the cell surface is
required for Dlp to limit Wg signaling.
Notum and dlp are expressed in complementary pat-activity (Lander et al., 2002). Consistent with such mod-
eling, it has been demonstrated experimentally that a terns in the wing disc, with Notum levels highest near
the DV boundary and dlp levels highest elsewhere. Thus,nonheparin binding isoform of the secreted growth fac-
tor VEGF adopts a broader, shallower distribution than a gradient of Dlp cleavage may be established across
the disc, with some Dlp remaining on cell surfaces inheparin binding forms and the differential localization
of VEGF-A isoforms in the matrix controls the vascular regions distant from the DV boundary, enhancing cellu-
lar responses to Wg. Cleavage of Dlp would remove thisbranching pattern (Ruhrberg et al., 2002). It is also well
established that heparan sulfate proteoglycans mediate coreceptor activity, but shed Dlp-Wg complexes also
could limit Wg signaling by promoting Wg clearance orendocytosis of extracellular ligands (Mahley and Ji,
1999), and our findings suggest the possibility that Dlp could serve as dominant-negative inhibitors of signaling.
Coexpression of Notum and Dlp in the wing disc pro-might mediate endocytic control of Wg levels in the
matrix. dlp mutants display locally elevated levels of duced more intracellular vesicles compared to expres-
sion of Dlp alone, which is consistent with a role of shedextracellular Wg without an increase in production, and
therefore Wg turnover must be affected in some way. Dlp in promoting endocytosis and clearance of Wg from
dally-like Limits Wg Distribution and Signaling
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To generate Df(3L)ex15 and dlp1, P{PZ}Q5 was exposed to P elementthe matrix (Giraldez et al., 2002). Such a role is also
transposase from P{ry, 2-3}(99B) and progeny were screened forconsistent with the non-cell-autonomous effects of dlp
loss of ry marker gene expression. 33 independent ry excisionssomatic cell clones on extracellular Wg distribution.
were analyzed by PCR using flanking primers, and two were found
Loss of dlp in clones might locally reduce Wg turnover to carry deletions. The extent of each deletion was determined by
as well as reducing cell surface binding sites for Wg, sequencing PCR products that spanned the junction (see Figure 1
legend for details). dlp2 is an independently derived allele generatedpermitting increased diffusion of Wg and accumulation
by EMS mutagenesis and screening for lethality over Df(3L)ex15.on wild-type cells at clone boundaries. Spatial regulation
For dlp rescue, UAS-dlp transgenes (39.3 or 39.2) were driven byof Dlp activity by Notum can explain how Dlp primarily
P{GAL4-ey.H}3-8 or P{GawB}apmd544. The dlp eye phenotype waslimits Wg signaling near the DV boundary and enhances
rescued by UAS-dlp alone, but the wing phenotype was not; pre-
signaling away from the boundary, but other Wg-depen- sumably a very low level of dlp expression is sufficient for eye
dent factors may also influence the ability of Dlp and development. For Notum overexpression, UAS-Notum; dlp1/TM6B
females were crossed with ap-Gal4/CyO,GFP; dlp1/TM6B males. ToNotum to downregulate Wg levels. Notably, recent
generate embryos lacking both maternal and zygotic dlp, FRT2Amathematical modeling suggests that elevated degra-
dlp1 germline mosaic females were mated to dlp2 ru h st ry e/TM6B,dation of Wg close to its source is necessary to enhance
Tb males.the robustness of the morphogen gradient (Eldar et al.,
2003). Together, Dlp and Notum may provide this locally
Antibodies and Histochemistryincreased turnover and hence stabilize the Wg gradient.
Tb wandering third instar larvae were dissected, fixed, and stained
Enzymatic modification of a proteoglycan to influence using standard protocols (Blair, 1996) with mouse monoclonal anti-
its cell surface localization may enable it to play both Dlp (1:50) (Desbordes and Sanson, 2003; Han et al., 2004b; Lum et
al., 2003), mouse anti-Achaete (1:5) (Hybridoma Bank), mouse anti-positive and negative roles in signaling and provides
Cyclin A (1:2) (MAbA12, Hybridoma Bank), mouse anti-Wg (1:3)another potential mechanism for regulating morphogen
(MAb4D4, Hybridoma Bank), mouse anti-Armadillo (1:500) (MabN2distribution in tissues.
7A1, Hybridoma Bank), rabbit anti-Spa¨lt (1:200) (F. Kafatos), and
rabbit anti-Vestigial (1:200) (S. Cohen). Secondary detection was
Glypicans as Tumor Suppressors with fluorescent IgG conjugated secondary antibodies from Molecu-
lar Probes. BrdU labeling was performed by injecting 0.25 l of 0.1and Growth Regulators
mg/ml BrdU into wandering third instar larvae and dissecting themIn humans, mutations in glypican-3 (GPC3) were identi-
30–60 min later. Larvae were fixed using modified Carnoy’s fixativefied as the genetic basis of a human overgrowth and
and stained using standard protocols. Mouse anti-BrdU (Amersham
tumor susceptibility syndrome, Simpson Golabi Behmel Biosciences) was used at 1:100 and detected using 1:200 anti-
Dysmorphia (SGB) (Pilia et al., 1996). SGB patients dis- mouse biotin (Vector Labs) and 1:200 ExtrAvidin FITC (Sigma). Extra-
play both prenatal and postnatal overgrowth, a number cellular Wg staining was performed with 1:3 mouse anti-Wg antibody
(Hybridoma Bank) using published procedures (Strigini and Cohen,of morphological abnormalities including renal dyspla-
2000). Mouse anti-Frizzled2 (R. Nusse) was used at 1:50 and de-sia and skeletal defects, as well as a high incidence of
tected with 1:200 anti-mouse biotin (Vector Labs) and 1:200 Ex-tumors (Neri et al., 1998). Subsequently, loss of GPC3
trAvidin FITC (Sigma). Propidium Iodide (Molecular Probes) was
expression has been found associated with a number used at 1g/ml after incubating disks in 2 mg/ml RNase A. Dissected
of cancers, including breast, mesothelioma, and ovarian discs were imaged on a Nikon PCM 2000 confocal microscope,
neoplasias (Lin et al., 1999; Murthy et al., 2000; Xiang BioRad 1024 confocal microscope, or Nikon C1 confocal micro-
scope. ZNC and wing pouch diameters were measured using Nikonet al., 2001). Given the established role of proteoglycans
EZ-C1 Viewer software v.2.10. Signal intensities were determinedas molecules facilitating growth factor signaling at the
using ImageJ v.1.29x and graphed using MS Excel v.10.0.0.cell surface, the effects of loss of GPC3 on growth and
tumor development are a bit puzzling. Our findings pro-
Wing Preparationsvide a molecular mechanism for understanding the ca-
Adult flies were immersed in 75% ethanol overnight, then equili-
pacity of glypicans to serve as tumor suppressors. Dlp brated in 50% ethanol for 1 hr, 25% ethanol for 1 hr, and twice in
restricts the cellular domain of Wg signaling during wing water for 30 min. The wings were dissected from the body, mounted
development, and loss of dlp results in ectopic growth on slides with AquaMount, and imaged using a Nikon Eclipse 800
microscope with a DXM 1200 digital camera at 20	.factor signaling. Clearly, ectopic signaling produced by
loss of GPC3 could readily contribute to tumor develop-
Adult Cuticle Preparationsment and growth in humans. Recently, analysis of a
Dissected adult thoraces were boiled in 2.5 N NaOH for 10 min, thengene-trap mutant in mouse Ext1 has provided further
washed three times in distilled water and mounted in AquaMount.evidence for the capacity of heparan sulfate proteogly-
Preparations were imaged as above at 10	 or 20	.
cans to limit the range of morphogen activity during
chondrocyte differentiation (Koziel et al., 2004). Mice
Embryonic Cuticle Preparations
partially defective for heparan sulfate biosynthesis as a Eggs from dlp1 germline clone females mated with dlp2/TM6B, Tb
consequence of hypomorphic mutations in Ext1 show males were collected and aged for 24 hr at 25
C to allow dlp1/
ectopic Indian Hedgehog signaling and altered Hedge- TM6B, Tb progeny to hatch. The remaining unhatched embryos
were dechorionated and devitellinized by standard procedures,hog distribution at the growth plate.
mounted on slides in 1:1 Hoyer’s medium/lactic acid, and incubated
at 65
C for 24 hr. Cuticles were imaged using dark-field illuminationExperimental Procedures
on a Nikon Optiphot microscope with a Nikon Coolpix 990 digital
camera at 10	 (dlp1/) or 20	 (dlp1/dlp2).Drosophila Strains
Fly strains used are described in Flybase, except where noted. All
flies were maintained at 25
C. The wild-type fly strain used is Ore- Mitotic Clones
Mitotic clones were generated by crossing w; dlp1 P[w; FRT2A]/gon-R (Bloomington Stock Center). dlp1 st ry/TM6B, Tb was crossed
to Df(3L)fz D21, st th/TM6B, Tb (Bloomington Stock Center) or dlp2 TM6B, Tb recombinant stock to y w P[ry; hs-FLP]12; P[Ubi-
GFP.nls]3L1 P[Ubi-GFP.nls]3L2 P[FRT(w[hs])]2A. Larvae were heatru h st ry e/TM6B, Tb to generate dlp mutants and heterozygotes.
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shocked at 24–48 hr after egg-laying at 37
C for 60 min to induce Jackson, S.M., Nakato, H., Sugiura, M., Jannuzi, A., Oakes, R., Ka-
luza, V., Golden, C., and Selleck, S.B. (1997). dally, a Drosophilarecombination (Blair, 1996).
glypican, controls cellular responses to the TGF-beta-related mor-
phogen, Dpp. Development 124, 4113–4120.Acknowledgments
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